The microstructure of the starting hydrogel has extremely important role in the synthesis of the microporous materials. Due to the fact that very limited number of experimental methods (techniques) can be used for gel analysis, there are still a lot of missing information about the processes on molecular level, which occur before and during the nuclei formation. In this paper, various methods were used in characterization of pretreated (aged) hydrogel before the process of its hydrothermal transformation to zeolite A. The results obtained from different techniques (FTIR, PALS, BET, DTG) show the changes in chemical composition and in microstructure of the solid phase, indicating that the structure of the ordered phase (potential nuclei) within gel matrix (completely amorphous according to PXRD patterns) is rather of different structural units typical for FAU and SOD (or their mixture) than the final product (LTA) only!
Introduction
Zeolites are aluminosilicate materials (powders) of microporous structure. The size and shape of the crystal voids (pore openings, channels and caves) depend on zeolite type. The size of the zeolite crystals can vary from nanocrystals (30-50 nm) to sizeable powder (over 100 μm), while the morphology can be from regular crystals with sharp edges to irregular shape within agglomerated twins or even their assemblies. Physico-chemical properties of the zeolites (especially structural and particulate properties) have crucial role in their applications as catalysts, adsorbent, molecular sieve and/or ion exchangers.
Many studies have shown that gel aging has significant influence on the zeolite formation (quickening of the crystallization process) as well as on the properties of the final product(s) (decreasing the crystals' size).
1,2 However, the change of the linear crystal growth rate was not observed. Sometimes, gel aging can affect the crystal morphology as well as the phase and chemical composition of the final product. [3] [4] [5] These results indicate that many processes occur during gel aging and the most important of them is the nuclei formation. Recently, Pal~i} et al. have found that the crystal nuclei are formed during gel aging at the surface and subsurface regions of the gel particles. 6 As the aging time gets longer, more nuclei are formed at the peripheral parts of the gel particles.
Phenomena of low-silica zeolite synthesis from hydrogels (colloidal precursors) were studied from many different aspects, including events occurring during precursors preparation, 7-10 via gel's microstructure characteristics, 11, 12 and mechanisms of nucleation and crystal growth, [13] [14] [15] [16] [17] to the characteristics of the final product (zeolite crystals). [18] [19] [20] The gels of different chemical composition, and prepared in different ways showed different structural features. The aim of this work is to investigate the microstructure of the gels, prepared by the same procedure but aged for different times, especially to see if some ordered (structured) parts are present.
Experimental

1. Precursors Preparation and
Hydrothermal Synthesis of Zeolite A Aluminosilicate hydrogels studied in this paper were prepared as described in our previous paper. 6 Dissolving the needed amounts of fumed silica (SiO 2 -99.8 wt%, Sigma), sodium hydroxide (NaOH reagent grade, >98 wt%, Kemika) and sodium aluminate (NaAlO 2 -41 wt% Na 2 O, 54 wt% Al 2 O 3 , Riedel de Haën) in demineralised water, alkaline sodium silicate and alkaline sodium aluminate solutions were prepared. The sodium aluminate solution was centrifuged to remove the impurities and only supernatant was used for further experiments. After mixing the alkaline sodium aluminate and alkaline sodium silicate solutions, obtained hydrogels have following molar oxide composition:
The precipitated hydrogels were homogenised by mechanical disperser. The hydrogels were transferred in HDPE bottles and aged for t a = 0 h (the freshly precipitated hydrogel), 10 h, 38 h, 66 h, 113 h, 158 h and 209 h at 25 °C. After given aging times, the hydrogels were washed by repeated cetrifugation until the pH value of the supernatant was 9, to avoid preconcentration of NaOH and its possible influence to the gel microstructure. Before characterization, the washed solid was dried at 105°C in the convection oven and cooled to the room temperature in desiccator over silicagel. Hydrothermal transformation of the prepared gels was conducted under static (convection oven) and dynamic conditions (magnetic stirrer in steel reactor) at 80°C. Prior to characterization, the final products were treated in the same way as the aged gels.
Methods of Samples Characterization (PXRD, DTG, FTIR, PALS, SEM, BET)
Powder X-ray diffraction was used for the phase analysis. Diffraction patterns were recorded at the Philips PW 1820 diffractometer using Bragg-Brentano optics in the range of 2θ = 5-50°, and copper K α monochromatized radiation.
Thermal analysis of the dried gels was performed at Mettler D50 TG-DTG system. The measurements were conducted in the air atmosphere, with heating rate of 10 K/min.
Fourier transformed infrared (FTIR) spectra of the samples were measured by PerkinElmer 2000 spectrometer using the KBr pellets method.
For positron annihilation lifetime spectroscopy (PALS) measurements, two times of 0.3 g of each sample was pressed into two self-supported pellets of diameter 13 mm, and around 2 mm thick. Before mounting into the PALS apparatus, the pellets were dried for two hours at 200°C. PALS measurements were conducted with modified version of digitized positron annihilation lifetime spectrometer. 21 In the present setup conical BaF 2 scintillators (bases of 2.5 cm and 5 cm, and height of 2.5cm) coupled to XP2020 URQ photomultiplier tubes were used and with the same signal processing and data acquisition chain as in ref. [21] . The time window in the measurements was 100 ns, the source activity was approx. 1 MBq, achieved time resolution was about 220 ps, and for each sample, approx. 10 6 annihilations were recorded. Obtained lifetime spectra have been analyzed using LT v.9 fitting program 22 and corresponding lifetimes and intensities (related to the void concentration) have been extracted.
Using the Tao-Eldrup model, 23, 24 it is possible to correlate positronium lifetimes to the sizes of voids in which they annihilate:
(1) where t is positronium lifetime in ns, R is void radius in nm, ΔR = 0.166 nm, is empirical parameter, and λ b = 2 ns -1 , is the positronium decay rate in the bulk.
Scanning electron microscope (SEM) images of the samples were taken by Philips XL 30 microscope.
Nitrogen adsorption on the samples was measured by Micromeritics instrument model Gemini 2380. The specific surface areas were calculated using the software Gemini V2.00. 25 The samples of the precipitated gels were previously dried and outgassed at 200 °C for 2 h. The method includes measurements of nitrogen isotherm at -196 °C with data evaluation according to the BET (Brunauer-Emmett-Teller) theory in the relative pressure range, p/p o , from 0.005 to 0.3.
After aging for the given time, systems were put at 80 °C for crystallization under static and dynamic condi- ), while T-O vibrations of the gel are in region 520-380 cm -1 . Generally, IR bands at 805-640 cm -1 are slightly stronger with aging time, but there is no significant difference in intensity of the peaks in mentioned region of the aged gels samples (Fig. 2A) . The IR bands, characteristic for the relevant low-silica zeolites are shown at Fig. 2B . It is interesting that almost all bands of zeolites, lie at the same regions (512-640 cm -1 and 640-805 cm -1 ) as two wide bands present in spectra of fresh and aged gels.
It is evident that zeolite A has only weak peak in region 800-630 cm -1 , (assigned to 6R unit at 655 cm -1 ) while wide and much stronger peak is present in gel. Taking into account this and the fact that crystallizing fields of several zeolites overlap each other (e.g. ZA, ZX, HS, EMT) 26, 27 and often crystallize alongside (usually mixture of two types of crystals), it seems that structured material present within matrix of gel is rather building units (or very small particles) of zeolite X (FAU) or mixture (ZX, HS, and maybe traces of ZA) than zeolite A, in spite of the fact that all aged systems transform to pure zeolite A! This is an indication of solution mediated transformation.
All zeolites for comparison of IR spectra (mentioned in Fig. 2B ) were synthesized using procedures described in according references: hydroxysodalite (SOD), 26 EMC-2 (EMT), 27 chabazite (CHA), 28 zeolite A (LTA), 6 zeolite L (LTL), 29 and zeolite X (FAU). 30 From dTG curves (Fig. 3) , one can see wide minima of water desorption, which peaks are slightly shifted towards higher temperature with ageing time. Fresh gel has minimum at 132°C, while the most aged gel (209 h) at 146 °C. The corresponding minimum for pure zeolite A is found at 170 °C. This means that more water molecules are strongly bonded to matrix, indicating that the amount of the ordered phase (still amorphous -according to PXRD patterns, and undefined zeolite type(s) but the structure elements are clearly present) increases with the aging time.
Positron annihilation lifetime spectroscopy data show (Fig. 4) almost linear (except for smaller voids in fresh and 10 h aged samples) increase in the number of voids (corresponding to the intensity of the annihilated introduced positrons) present within gel matrix with the time of the gel aging. The diameter of the sodalite (or β) cage which is the building unit of SOD, LTA, FAU and EMT framework types is around 0.7 nm, while the diameters of the α-cage in the LTA zeolite and supercage in the FAU are 1.1 and 1.2 nm, respectively. The dimension of the D6R, which is building unit of FAU type of zeolites, is 0.31 nm for the length of the hexagonal face and 0.69 nm for the length of the space diagonal of the hexagonal prism. The length of the space diagonal of the D4R in LTA framework is 0.53 nm (a = 0.31 nm). When these data are compared with the size of the voids determined from the PALS results, almost all of the structural elements of the smaller SBU (4R, 6R, D4R, D6R) can be placed to the two voids groups found by PALS, but there are no voids of the corresponding larger SBU (< 0.7 nm) within mentioned zeolites (α cage and supercages, even β cages)! For this reason, we cannot make the conclusions regarding the type of the building units present in the gels. However, we have unambiguously observed the rising of the quantity of the cavities having the radius in the ranges of 0.21-0.43 and 0.46-0.54 nm which is a strong indication that the number of short-range ordered units in the gels is becoming higher with gel aging. These »islands« of ordered material (possible nuclei) still not have all elements of the crystals unit cell of the final product (supercages are missing).
Similarly, specific surface area (Fig. 5) , calculated from adsorption of N 2 (BET method) show significant decrease from 68 to 57 m 2 g -1 (trend line was calculated from Another direct evidence of the changes within the gel matrix during ageing time is increase of the Al content; Si/Al ratio drops from 1.306 for fresh gel, via 1.148 for system aged for 66 h, to 1.067 for system aged for 209 h (data adopted from the Table 1 of ref. [6] ). Consequence of the reaction of Al species from liquid phase with terminal OH groups at gel's surface during »induction period« is the generation of the new nuclei at surface and subsurface volume of the gel particles, and the fact that average size of the crystals at the end of crystallization decreases. It also can be seen at SEM micrographs (Fig. 6) , where the size of the largest crystals, obtained after crystallization from fresh gel (A), are several times larger than crystals obtained from gel aged for 209 h.
Conclusions
According to the FTIR spectra, wide IR bands (which correspond with some structured units) exist within gel matrix of fresh gel as well as in all aged gels. In spite of the fact that all systems transform to pure zeolite A, it seems that the structural elements present in gels are rather some building elements of zeolite X (FAU) or a mixture (ZX, HS, and maybe traces of ZA) than zeolite A only.
PALS data show trend of increased number of the smaller (0.21-0.43 nm) and also larger (0.46-0.54 nm) structured voids with gels' aging time. These results also confirm main hypothesis (observation) that there is an increase in the number of the structured units within gel matrix with gel aging, and the structured units belongs to simple SBU (4R, D4R, 6R, D6R), while large (complex) units such as sodalite cage (α cage, supercage) were not detected.
The minimums of the dTG curves are shifted towards larger temperature in accordance with time of gels' aging. Since the »crystalline« water in zeolite A is strongly bonded to framework (minimum at 170 °C) than the water to amorphous aluminosilicate network of the same chemical composition (maximum at 132-146 °C, due to the time of gel aging) our conclusion is that the amount of the »crystalline material« (ordered parts within gel matrix) increases with time of aging.
Indirect evidence of the increase in the number of nuclei (amount of structured material within gel matrix) during hydrogel aging are SEM photos of the crystals after transformation of the fresh gel and gel aged for 209 h (Fig. 6) , where average crystals size significantly decreases with time of aging of the starting hydrogels.
The main conclusion here is that the structured units within gel matrix are simple SBU (4R, D4R, 6R, D6R), which represent possible nuclei, but does not contain whole unit cells of the end product (zeolite A), nor the whole unit cells of any of the mentioned high aluminum zeolites.
These results are in accordance with the literature data, which are based on chemical composition of the solid and liquid phases, several kinetic parameters (crystallinity, chemical composition of liquid phase, the size of the largest crystals) during hydrothermal transformation of the aged hydrogels to zeolite A, and on analysis of the final product (crystal size distribution, curves of nuclei formation).
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